ABSTRACT. Accelerator mass spectrometry (AMS) radiocarbon measurements were made on 120 samples collected between Antarctica and South Africa along 30°E during the WOCE-France CIVA 1 campaign in February 1993. Our principal objective was to complement the Southern Ocean's sparse existing data set in order to improve the 14C benchmark used for validating ocean carbon-cycle models, which disagree considerably in this region. Measured 14C is consistent with the 0-S characteristics of CIVA1. Antarctic Intermediate Water (AAIW) forming north of the Polar Front (PF) is rich in'4C, whereas surface waters south of the PF are depleted in 14C. A distinct old 14C signal was found for the contribution of the Pacific Deep Water (PDW) to the return flow of Circumpolar Deep Waters (CDW). Comparison to previous measurements shows a 4C decrease in surface waters, consistent with northward displacement of surface waters, replacement by old deep waters upwelled at the Antarctic Divergence, and atmospheric decline in 14C. Conversely, an increase was found in deeper layers, in the AAIW. Large uncertainties, associated with previous methods for separating natural and bomb 14C when in the Southern Ocean south of 45°S, motivated us to develop a new approach that relies on a simple mixing model and on chlorofluorocarbon (CFC) measurements also taken during CIVA1. This approach leads to inventories for CIVA1 that are equal to or higher than those calculated with previous methods. Differences between old and new methods are especially high south of approximately 55°S, where bomb 14C inventories are relatively modest.
INTRODUCTION
The Southern Ocean extends south to Antarctica and north to the Subtropical Front (STF), which meanders between 40°S and 50°S. As such, the Southern Ocean covers about 21% of the world's ocean surface. Within the Southern Ocean, large vertical exchanges take place between water masses. Important processes include ventilation of deep waters at the Antarctic Divergence Zone (ADZ, ca. 65°S), production of ventilated bottom waters in the Weddell Sea and around the Antarctic continental slope, and formation of Antarctic Intermediate Water (AAIW) within the Polar Frontal Zone (PFZ) between the Polar Front (PF) and the Subantarctic Front (SAF).
The Southern Ocean is considered to be a major sink for anthropogenic CO2 (Sarmiento et a1.1992) . However, for this region, there is substantial disagreement between carbon-cycle simulations from different ocean general circulation models (OGCMs), which offer the only means to estimate future oceanic CO2 uptake (On 1996) . Radiocarbon is routinely used to evaluate the performance of such models (Toggweiler et al. 1989a (Toggweiler et al. , 1989b Maier-Reimer 1993; Taylor 1995; On' 1.996) . However, few 14C data are available in the remote Southern Ocean, where both the spatial and temporal changes in 14C are important. Here, we provide 14C data to complement the sparse established dataset. Previous 14C measurements include those from GEOSECS (Geochemical Ocean Sections Study) during 1973 -1978 Stuiver and Ostlund 1980; Stuiver et al. 1981) , from the Winter Weddell Sea Experiment (WWSP) in 1986 (Schlosser et al. 1994) , and from INDIGO (Indian Gas Ocean project) in (Ostlund and Grall 1988 . The 14C data presented here were collected during CIVA1(Circulation et Ventilation Bans l'Antarctique) of WOCE-France taken in FebruaryMarch 1993 . Measurements of 14C were made by AMS in Gif-sur-Yvette, France.
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Oceanic 14C must be separated into its natural and anthropogenic components if it is to be useful for model validation. Natural 14C is produced by cosmic radiation and can be considered at present to be in steady state with respect to the vertical turnover time of the ocean (ca. 1000 yr). Bomb 14C was injected in the atmosphere nearly exclusively by atmospheric thermonuclear weapons tests during the 1950s and 1960s. At its peak in 1963, the nuclear contribution nearly doubled prenuclear atmospheric levels of 14C. Since then, atmospheric 14C has decreased. At present, levels are roughly 10% higher than in the prenuclear period. Both 14C components are transferred to the ocean by air-sea gas exchange as 14CO2. With its steady-state production and 5730 yr half-life, the natural component of 14C is useful for evaluating modeled deep-ocean circulation fields. Bomb 14C has had much less time to invade the ocean. Because its boundary conditions have changed rapidly since the late 1950s, bomb 14C is useful for evaluating near-surface circulation fields predicted by ocean models.
To separate natural and bomb 14C, we first applied the method developed by Broecker et al. (1995) , which relies on the near linear correlation between natural A14C and dissolved silica throughout much of the ocean. However, for the stations situated south of 45°S (-90% of samples collected here), uncertainties associated with Broecker et al.'s method are large. Since the GEOSECS campaign in the 1970s, it has become less certain that deep waters remain uncontaminated with bomb 14C, as supposed by Broecker et al. (1995) for GEOSECS era samples. To take this possibility into account, we modified the bomb versus natural separation methodology for our samples taken south of 45°S. Our new method takes advantage of CFC-11 and CFC-12 measured during CIVAI and uses a simple ventilation model, similar to that used in previous tracer studies (Jenkins 1980; Andrie et al. 1986; Haine 1996) .
METHODS
The 14C data (Table 1) were obtained following the procedure described by Bard et al. (1987) and Arnold et al. (1987) . Seawater was collected in 12-L Niskins. Once aboard ship, seawater was transferred to 250 mL borosilicate bottles and poisoned with 1 mL of saturated HgCl2 solution. The borosilicate bottles were then sealed. Back in the laboratory, CO2 was extracted by adding 2 mL of 15N H3P04 to a 100 mL seawater aliquot in a vacuum-tight system sparged by He gas (flow rate 80 mL min 1). Extraction required 1 h. Water was removed by traps at -80°C; CO2 was trapped at -180°C.
Subsequently, CO2 was reduced to graphite using hydrogen in the presence of iron powder (6-8 h). The carbon-iron mixture was divided into 3 parts, then pressed into an aluminum target for accelerator mass spectrometry (AMS) analysis. Usually, 2 or 3 targets per sample were analyzed to obtain a precision close to ±5%. The 3 isotopes, 12C,'3C and 14C, were measured directly in the AMS system to calculate A14C normalized to a b13C of -25%. The data are expressed as O14C in per mil (Stuiver and Polach 1977) .
RESULTS
To establish the level of agreement of our 14C CIVA 1 measurements with previous data, Figure 1 provides 14C profiles from station 442 of GEOSECS (1978) and from station 1 of JADE1(Java Australia Dynamic Experiment 1989) cruise, both taken at the same location (1 °S, 91 °E) in the equatorial Indian Ocean. The 14C measurements from JADEI were made in Gif-sur-Yvette by AMS just prior to those of CIVA 1. JADE 1 and CIVA 1 samples received identical processing. The deep portions of GEOSECS and JADE1 profiles, where bomb 14C has not penetrated, agree to within the precision of the measurements. Therefore, our 14C measurements by AMS are consistent with those from GEOSECS, determined by 13-counting. Furthermore, the methodology used at Gif-sur-Yvette has been previously checked by directly comparing 13-counting and AMS measurements performed on the same samples from INDIGO ). Figure 2 shows a map including the WOCE/CIVA1 transect between 68°S and 44°S along 30°E, where 14C samples were collected. Also indicated are other stations in the same area where 14C has been measured on previous campaigns: GEOSECS, WWSP, and INDIGO.
The 6 and S along the CIVA1 transect (Fig. 3A,B )4 exhibit signatures of the major fronts that characterize the Southern Ocean: the Antarctic Divergence Zone (ADZ) between 63°S and 67°S, the Weddell Gyre Front (WF) at 57°S, the Polar Front (PF) at 52°S, and the Subantarctic Front (SAF) at 48°S (Gordon 1971; Whitworth and Nowlin 1987; Orsi et al. 1993 Orsi et al. , 1995 Archambeau et al. 1998 ). The principal water masses are likewise apparent. From the Antarctic continent to the PF, the Summer Surface Water (SSW) overlies the near freezing Winter Water (WW). Below the WW lies a massive amount of Circumpolar Deep Water (CDW), which is relatively warm (>0.1 °C) and old (with respect to ventilation by contact with the surface). Beneath the CDW and along the bottom is found the Antarctic Bottom Water (AABW). In the AABW, one can trace the influence of the Weddell Sea Bottom Water (WSBW), which at its origin (the Weddell Sea) has a temperature <-0.7 °C. Another water mass, the Subantarctic Surface Water (SASW), lies between the PF and the SAF. The SASW has higher temperatures and salinities than the more southern surface waters and is remarkable for its south-to-north downward tilt in 0 and S isolines, where AAIW is formed. In this northern part of the CIVAI section, intermediate level CDW bears a high salinity signature (maximum 34.8 psu) from its contact with North Atlantic Deep Water (NADW). AABW north of the Atlantic-Indian ridge is warmer and less dense than AABW to the south, which is closer to the source of the cold WSBW. Further description of CIVAI hydrography can be found in Archambeau et al. (1998) . Table 1 provides the CIVAI 14C measurements. These data are presented as a composite latitude versus depth section (Fig. 4A) as well as individual profiles (Fig. 5A,B) . The former reveals that the distribution of the measured 14C roughly follows CIVAI hydrography. A striking contrast is found across the PF: north of the PF, surface waters are enriched in 14C (levels reach 55%0); south of the PF, the upper 200 m are depleted in 14C (levels from -70%o to -140%o). The Southern depletion is principally due to old CDW upwelling in the Antarctic Divergence Zone between 63°S and 67°S (Toggweiler and Wallace 1995) . However, winter ice cover limits gas exchange and thus may play 56 V Leboucher et al. some role (Weiss et al. 1979; Poisson and Chen 1987) . North of the PF, 14C-enriched surface waters sink below warmer subantarctic water and move toward the north along downward sloping isopycnal surfaces, where AAIW is formed.
A core of old water (014C less than -170%0) is located near 57°S between 1000 and 2000 in (station 24) . This corresponds to the oldest CDW. A shallow extension of old CDW is found near 66°S (station 8) with the oldest values (less than -175%c) between 800 in and 1000 m.
End members for and mixing between intermediate, deep, and bottom waters (c y() 27.7) are more easily seen on CIVA 1's 0-S diagram (Fig. 6A) . The core of the CDW is identifiable by its salinity maximum induced by the contribution of NADW. Another influential water mass is the AABW, which forces most of the data points on the 0-S plot to lie on a straight line between the CDW and AABW end-member. The 14C data are helpful to pinpoint a third water mass component. Points from stations 8 and 24 reveal that the most 14C-depleted waters have slightly different 0-S characteristics (Figs. 6B, 6C ). These tendencies point to the older 14C-depleted Pacific Deep Water (PDW) as an important contributor. The same trend was found from measurements of 3He in the Southern Ocean (Jean-Baptiste et al. 1991) . The contribution of PDW to the CDW is also consistent with the return Pacific flow scheme described by Toggweiler and Samuels (1993) based on Pacific-Antarctic A14C difference, on the silica distribution in sediments of the Pacific sector of the Southern Ocean (Worthington 1977) , and on previous inverse model results (Wunsch et al. 1983 ). The WOCE sec-tion P6 along 32°S in the Pacific Ocean shows a substantially older 14C signal for this return flow (Key et al. 1996 ). Figure 4A further shows that AABW has higher levels of 14C (A14C = -150%0 to -160%0) than does CDW. The reason is that AABW originates principally in the Weddell Sea via mixing of newly formed WSBW with intermediate depth waters (Foster and Carmack 1976; Carmack and Foster 1977; Weiss et al. 1979; Mensch et al. 1996) . The recent ventilation of the WSBW is clearly indicated by steady-state and transient tracer measurements (14C, 3H, 39Ar, 180 and helium isotopes) in the Weddell Sea Schlosser et al. 1991; Mensch et al. 1996; Wepperning et al. 1996) . GEOSECS 14C data provide further evidence of such formation and indicate an eastward spreading of recently ventilated bottom waters (enriched in 14C) from the Weddell Sea (Fig. 7) .
DISCUSSION Observed Change in Oceanic 14C
Few previously collected 14C data are available for 14C in the same region (Fig. 2) . Those that are available include measurements from GEOSECS (1973) (1974) (1975) (1976) (1977) (1978) , ANTV in the Weddell Sea (1986) and INDIGO (1985 INDIGO ( -1987 . Figure 3C (See Fig. 3A) https://doi.org/10.1017/S0033822200019330 (Toggweiler and Wallace 1995) . From 50°S to 44°S, there also appears to be a reduction with time, assuming a linear spatial trend between those 2 CIVA data points. Figure 9 provides a more in-depth look at the CIVA1 minus GEOSECS temporal change. The GEO-SECS data in the Southern Ocean are sparse but were selected based on the proximity to the CIVA 1 section. However, many of the chosen GEOSECS stations are far from the CIVA1 section, leading to substantial uncertainty about our calculated CIVA1-GEOSECS section. Nevertheless, natural variability must be substantially smaller than the large temporal changes in near-surface 14C that have occurred since GEOSECS. Within the upper 200 m, 14C has decreased substantially since GEO-SECS. Just below, 14C has increased. The increase extends deeper in the north than in the south. North of the CIVA 1 Polar Front, the large subsurface increase in 14C since GEOSECS (up to +80%0) tags the formation of AAIW. The CDW remains largely uncontaminated by bomb 14C, a result that is consistent with the CIVA1 CFC data (Archambeau et al. 1998 ), which likewise reveal no significant recent contamination of the core of the CDW (Fig. 3C) . Conversely, the AABW has been recently ventilated according to both the CIVA1-GEOSECS 14C difference and the CIVA1 CFC data. 
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Estimating Natural and Bomb 14C Broecker et al. (1995) developed a general method to reconstruct the distribution of natural 14C in the ocean. They applied their method to the GEOSECS (1972) (1973) (1974) (1975) (1976) (1977) (1978) , TTO (1980 TTO ( -1983 and SAVE (1987) (1988) (1989) data to distinguish natural from bomb 14C. Besides surface prenuclear 14C data, Broecker et al. (1995) used bomb tritium to delimit the penetration depth of bomb 14C, and the relationship between silica and natural 14C to determine the latter in the upper water column. For CIVA1, we employ the same method for our one station that fell north of 45°S (station 52 at 44°S). South of 45°S, Figure 5B 
Silica Analogue Strategy and CFC Analogue Strategy
The Silica Analogue Strategy (SAS) from Broecker et al. (1995) improves on previous methodology (Broecker et al. 1985) to separate natural and bomb 14C in the ocean by exploiting the linear correlation between natural 14C and dissolved silica found to exist in 3H-free waters throughout most of the oceans:
A14C natural = -70 -Si02 -145 -150 -155 -160 -165 Figure 7 Longitudinal section of measured 14C in the Antarctic Circumpolar Current (ACC) from GEOSECS (1972) (1973) (1974) (1975) (1976) (1977) (1978) . Latitudes of stations vary between 52°S and 62°S.
where A14C is in %c and Si02 is in µmol kg 1. Broecker et al. (1995) estimate the uncertainty of the natural 14C thus calculated as ±10%0. Figure 10 is a plot of 14C versus silica for GEOSECS, INDIGO3, and CIVA1 data from the Southern Ocean south of 50°S. Also given is the linear regression from equation (1) . For waters south of 45°S, Broecker et al. (1995) apply equation (1) when Si02 < 90 p.mol kg 1. They assume that waters with Si02 > 90 µmol kg -1 are uncontaminated with bomb 14C. However, south of 45°S, contamination of deep waters by bomb 14C is much more likely for CIVA 1-era samples. Figure 10 suggests that bomb 14C has invaded deep waters since GEO-SECS: for waters with Si02 between 90 and 100 µmol kg-1, 14C is greater during CIVA1 than during GEOSECS. Thus, for CIVAI, one cannot use the SAS method alone, which assumes that measured variability in deep water 14C is due to natural variation. Instead, south of 45°S, we modified the technique in defining 3 separate regions ( Fig. 4A ):
1. In the waters where Si02 < 90.tmol kg 1, natural 14C is deduced from Broecker et al.'s (1995) SAS methodology.
2. In the core of the CDW, where A14C values are the lowest and have not changed since the time of GEOSECS, we consider the 14C to be entirely prenuclear in origin. Arbitrarily, we choose the weak CFC-12 concentrations of 0.1 pmol kg -1 as a limit to any anthropogenic contamination. We are unable to employ the CFC-11/CFC-12 dating method near the surface, nor in deep waters. Indeed, the ratio CFC-11 /CFC-12 is not usable to date young near-surface waters in CIVA 1 because since the mid-1970s, growth rates of atmospheric CFC-11 and CFC-12 have been the same. Furthermore, in CIVA's deep waters where the CFC concentrations are very low, uncertainty in the CFC-11/CFC-12 ratio is too large to be of any use. 3. Elsewhere (i.e., mainly in the ventilated southernmost part of the section), our vertical mixing model and CFCs from CIVAI are used to calculate the annual ventilation rate of any water parcel, and subsequently, the bomb 14C contribution based on a reconstructed history of surface bomb 14C. By dealing directly with surface ocean concentrations, we avoid problems due to the roughly 100-fold difference in the time required for 14C versus CFCs to equilibrate between the atmosphere and surface ocean (Broecker and Peng 1974) .
Natural Versus Bomb 14C Figure 4B shows the computed natural 14C. Surface values of natural 14C increase from south to north from -132%o to -72%0. Our lowest surface values in the far south are consistent with the rare existing data set (Broecker et al. 1985; Bard 1988; Toggweiler and Samuels 1993; Berkman and Forman 1996) , especially considering the uncertainties from analysis, the Suess effect (5%o to 12%c [Berkman and Forman 1996] ), the silica-natural 14C relationship (±10%c), and natural spatial variability. Waters north of the PF, where AAIW forms, have higher natural 14C, largely because they rest longer at the surface and thus equilibrate more extensively with the atmosphere; also circulation patterns transport natural 14C to the north as described previously. South of the PF, a large portion of the intermediate and deep waters have natural 14C values lower than -160%0, which is the average value of the waters of the Antarctic Circumpolar Current (Broecker et al. 1995) .
The bomb 14C results (Fig. 4C) Figure 9 Section of the measured change in 14C between GEOSECS and CIVA1. GEOSECS stations are taken from longitudes between 25°W and 85°E. GEOSECS and CIVA] station data were triangulated then interpolated to the same 1-degree latitudinal grid before taking differences.
waters contain little if any bomb 14C. The only exception is where substantial bomb 14C is detected between 2000 and 5000 in in the far south along the continental slope. Deep and bottom waters in the northern portion of the section contain insignificant levels.
Bomb 14C Inventories
Following Broecker et al. (1985) , we calculated the vertical integral of bomb 14C (also known as the inventory) as the area between bomb and natural 14C profiles ( inventory is highest (10.9 ± 1.6 x 109 atoms cm 2) and its uncertainty is lowest: both the SAS and CAS methods give the same inventory. We were able to properly apply the SAS method at station 52, because our measured CIVA 1 3H (not shown) was well above background levels. Figure 11 compares CIVA I bomb 14C inventories to those from GEOSECS and INDIGO. The temporal change is similar in structure to that seen for surface concentrations (Fig. 8) . Around 60°S, the differences between inventories during CIVA1 (CAS) and GEOSECS (SAS) tend towards zero: the 14C loss near the surface is compensated by buildup at depth (Fig. 4C) . Around 60°S, when the SAS methodology is used, CIVAI inventories are only 20% to 50% of those determined using CAS. Further south, stations at 67°S and 68°S exhibit the largest differences between the SAS and CAS methods. Si02 (µmol kg') 100 120 140
Figure 10 14C versus dissolved Si02 for stations taken south of 50°S from the GEOSECS, INDIGO3, and CIVA 1 expeditions. Also provided is the linear correlation between the natural A14C and silica for tritium-free waters (Broecker et al. 1995). al. 1995). Thus, uncertainties in this region do not substantially alter estimates of the global ocean inventory of bomb 14C. Regional patterns of bomb 14C inventories are generally useful to help evaluate the behavior of OGCMs (Toggweiler et al. 1989b ). However, they are less useful in the Southem Ocean, due to the large uncertainties there. On the other hand, levels of bomb 14C near the surface in this same region have much smaller uncertainties than do corresponding horizontal and vertical gradients, and are thus more useful for model validation.
CONCLUSION
To complement the sparse 14C data set in the Southern Ocean, AMS 14C measurements were made on recently collected samples taken along the CIVA1 cruise track. The measured 14C distribution reveals a dramatic contrast between samples taken south and north of the PF. Surface waters in the south are depleted due to upwelling of old CDW at the ADZ, which drives transport to the north; northern surface waters are rich in 14C due to transport from south to north and their more extensive equilibration with the atmospheric 14C. The oldest deep waters are found in the CDW (<-170%) and derive from the PDW. of the PF, we recommend that ocean modelers not concern themselves with inventories but rather with bomb and natural 14C distributions (Fig. 4B,C The CIVAI section began near Antarctica and was aborted prematurely at 44°S due to an emergency medical evacuation. Fortunately, the repeat section CIVA2 (February-March 1996) will allow the northern gap (where 14C inventories should be greatest) to be filled in, once 14C measurements are completed. The CIVA section along with other new WOCE 14C data will greatly improve coverage in the Southern Ocean, a key area for ocean CO2 uptake. However, care will have to be exercised when estimating natural and bomb 14C components so that ocean modelers will be able to take full advantage of this unique data set.
between the CAS and SAS methods; SAS is applied for waters where Si02 lies between 0 and 90 µmol kg-1. record from marine molluscs, brachiopods, echinoderms and foraminifera (Q) collected near the Antarctica (Berkman and Forman 1996) , and 14C measurements on surface samples from GEOSECS, INDIGOS and CIVA1 stations (Q) near Antarctica Ostlund 1980,1983; Stuiver et al. 1981; Schlosser et al. 1994; Ostlund and Grall 1988) . Predicted prenuclear surface 414C is ca. -150% (Berkman and Forman 1996) . Minima and maxima curves are drawn arbitrarily. We chose the lower curve for our CAS methodology because with it CAS and SAS methods agree for waters where Si02 <90.tmol kg-1. Figure A3 Illustration of our use of the mixing model to determine the bomb 14C component for the sample at 4065 m from CIVAI station 8. With the known CFC-11 input function and a transit time set to zero, several dilution rates are shown for ventilation from the surface. For this sample, the dilution rate of 0.01 is appropriate since it produces the measured CIVAI CFC-11 concentration in 1993 0.91 mol k -1 . With that dilution rate, the surface ocean record of bomb 14C Fig. A2 and equation (Al), we calculate the corresponding contribution of bomb 14C (10%) 0 . The same operation repeated for the same sample with the CFC-12 gives consistent results. For our final bomb 14C estimates we average results obtained when using CFC-11 and CFC-12.
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